INTRODUCTION
============

Chronic rhinosinusitis (CRS) is a common disease that affects 4%-10% of the global population. CRS is generally classified into 2 subtypes: chronic rhinosinusitis without nasal polyps (CRSsNP) and chronic rhinosinusitis with nasal polyps (CRSwNP).[@B1] Goblet cell hyperplasia and increased mucin expression are important pathological characteristics of both CRSsNP and CRSwNP, and they account for common symptoms, such as rhinorrhea and nasal congestion.[@B2] Several mucins, including MUC2, MUC4, MUC5AC, and MUC5B, are expressed in the human airways. Of these mucins, MUC5AC and MUC5B are the predominant components of airway mucus. High-density mucin glycoproteins greatly determine the elasticity and viscosity of airway mucus. Although various studies have investigated mucin hypersecretion in CRS,[@B3][@B4] molecular mechanisms underlying mucus hypersecretion and the overexpression of MUC5AC and MUC5B have yet to be completely understood.

Recently, the winged helix factor FoxA2 has been linked to increased mucus production via its modulation of mucin gene expression in the airway epithelium. FoxA2 is an essential member of the transcription factor network that represents a common signaling node for multiple goblet cell differentiation signaling pathways.[@B5] The deletion of FoxA2 from mouse lung epithelial cells has been demonstrated to result in goblet cell hyperplasia, and the down-regulation of FoxA2 is associated with increased numbers of MUC5AC-positive goblet cells in transgenic mice.[@B6] To date, the expression of FoxA2 and its potential modulation of excessive mucin production in CRS remain unclear.

IL-6 is a pleiotropic cytokine that exerts beneficial effects on innate immunity and Th17 differentiation.[@B7][@B8] IL-6 expression is increased in both subtypes of CRS.[@B9][@B10] Chen et al.[@B11] demonstrated that IL-6 and IL-17A, but not Th2-related cytokines, directly stimulate MUC5AC and MUC5B gene expression in human tracheobronchial epithelial cells. Previously, we reported that IL-6 levels are elevated in the nasal tissue of CRS patients, which is associated with enhanced NF-κB activity and regulatory T-cell deficiency.[@B12][@B13] To investigate whether IL-6 promotes mucin production by modulating FoxA2 expression, we examined the mRNA and protein expression levels of FoxA2, MUC5AC, and MUC5B in CRSsNP and CRSwNP patients and evaluated the regulatory effect of IL-6 on FoxA2 expression and the effect of macrolide (clarithromycin \[CAM\]) on IL-6-induced FoxA2 suppression *in vitro*.

MATERIALS AND METHODS
=====================

Subjects
--------

Thirty CRS patients (15 CRSwNP and 15 CRSsNP patients) were included in this study. The diagnoses of CRSwNP and CRSsNP in this study were based on the patient\'s clinical history and anterior rhinoscopy/nasal endoscopy/computed tomography (CT) results in accordance with the EPOS guidelines.[@B1] Atopic status was evaluated using skin prick tests for common inhalant allergens. All medications (steroids, antihistamines, and antibiotics) were withheld for a minimum of 4 weeks before the study. The polyp tissues from the CRSwNP patients and the uncinate processes from the CRSsNP patients were sampled under local anesthesia during endoscopic inspection. As controls, 10 patients undergoing transnasal optic nerve decompression because of traumatic neuropathy were enrolled, and the uncinate process was sampled during surgery. The controls were free of nasal symptoms, had no history of atopic disease, and had negative skin prick test results against common allergens. The demographic data from the CRS patients and the controls enrolled in this study are listed in [Table 1](#T1){ref-type="table"}. This study was approved by the Institutional Review Board, and informed consent was obtained from all subjects.

Each specimen was separated into 2 portions: one portion was immediately frozen in liquid nitrogen and stored at -80℃ for mRNA and protein examinations; the other portion was used for histological staining.

Periodic acid-Schiff (PAS) staining and immunohistochemistry (IHC)
------------------------------------------------------------------

Human nasal tissues were stained with PAS, and the PAS-positive cells, which displayed a purple color, were counted via light microscopy (400×) and expressed as the percentage of the total epithelial cells (500 cells counted). IHC was performed as reported elsewhere,[@B13] and the sections were stained using mouse monoclonal antibodies against the following proteins: FoxA2 (1:50; Millipore, Billerica, MA, USA), MUC5AC, and MUC5B (1:100; Santa Cruz Biotech, Santa Cruz, CA, USA). Then, the antibodies were detected via streptavidin-biotin-horseradish peroxidase complex formation. The immunostaining result was considered positive when brown cells appeared following reaction with the reagent 3\', 3\'-diaminobenzidine. Replacement of primary antibodies with isotype-matched IgG was used as a negative control. The sections were examined via light microscopy (400×), and the patterns of antibody staining were scored in a quantitative manner. The pattern of immunoreactivity was analyzed in the epithelium and subepithelial area. The number of immunoreactive cells (stained brown) was expressed as the percentage of the total cell number (500 cells counted). The immunoreactivity score was assessed by 2 independent observers in a blinded manner, and their results were averaged.

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------

Total RNA was extracted from nasal tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. Reverse transcription (RT) was performed, and cDNA was synthesized from 2 µg of total RNA using an oligo(dT)18 primer and M-MLV reverse transcriptase (TAKARA, Syuzou, Shiga, Japan) for quantitative PCR. We performed qRT-PCR using the ABI PRISM 7600 Detection System (Applied Biosystems, Foster City, CA, USA) and SYBR Premix Taq™ (TAKARA).[@B14] The primer sequences for FoxA2, MUC5AC, MUC5B and β-actin were as follows: FoxA2 forward: 5\'- TCT TAA GAA GAC GAC GGC TTC AG -3\'; FoxA2 reverse: 5\'- TTG CTC TCT CAC TTG TCC TCG AT -3\'; MUC5AC forward: 5\'- TCA GCC CCG AGT TCA AGG -3\'; MUC5AC reverse: 5\'- TTC CCA AAC TCC AGC ACG TC -3\'; MUC5B forward: 5\'- AGT CCA TTT GCT GAC CCC AC -3\'; MUC5B reverse: 5\'- GGA TGG TCG TGT TGA TGC G -3\'; β-actin forward: 5\'- AAG ATG ACC CAG ATC ATG TTT GAG ACC -3\'; and β-actin reverse: 5\'- AGC CAG GTC CAG ACG CAG GAT -3\'. The mean value of the replicates for each sample was calculated and expressed as the cycle threshold (Ct). The mRNA expression level was calculated as the difference (ΔCt) between the Ct value of the target gene and the Ct value of β-actin. The fold change in the target gene mRNA levels was calculated as 2^-ΔΔCt^.

ELISA
-----

Tissue lysates were prepared by adding 1 mL of PBS containing a protease inhibitor cocktail (Keygentec, Nanjing, China) to every 100 mg of tissue. The protein concentration was determined using the BCA method. The level of secreted MUC5AC in the supernatants was measured via a sandwich ELISA developed in our laboratory using anti-MUC5AC and anti-MUC5B antibodies (Santa Cruz Biotech) as we have described elsewhere. Briefly, 10 µL of the collected sample and 40 µL of diluent were added to 96-well plates precoated with the captured MUC5AC antibody (1:200) for the assay. After incubation and washing, the anti-MUC5AC and -MUC5B antibodies (1:200) were added to each well. After incubation and washing, 100 µL of horseradish peroxidase-conjugated goat anti-mouse IgG (1:10,000) was added to each well. The colorimetric reaction was developed using 3, 3\', 5, 5\'-tetramethylbenzidine peroxide solution and stopped using 1 mol/L H~2~SO~4~. The absorbance at 450 nm was measured using a microplate reader (Bio-Rad, Hercules, CA, USA), and the optical density (OD) value at 450 nm was recorded. The amount of MUC5AC and MUC5B in each sample was normalized to the total protein in the tissue lysates and expressed as the OD value per mg of total tissue protein.

FlowCytomix analysis
--------------------

Nasal secretions were collected as we have reported elsewhere.15 Briefly, open-cell flexible polyurethane foam was cut by the local distributor into sampler cubes of 30×20×10 mm^3^. The fluid retention capacity of each sampler was 3 mL. The samplers were placed in each nasal cavity posterior to the mucocutaneous junction under direct visualization and left in place for 10 minutes. Following removal of the samplers, the fluid was extracted from each sampler via centrifugation. The protein levels of IFN-γ, IL-4, IL-5, IL-6, and IL-17A in the nasal secretions were quantified using a FlowCytomix™ kit (eBioscience, San Diego, CA, USA). The detection limits for IFN-γ, IL-4, IL-5, IL-6, and IL-17A were 1.6, 3.0, 1.0, 1.5, and 1.2 pg/mL, respectively.

Cell culture, stimulation, plasmid transfection and luciferase assay
--------------------------------------------------------------------

For *in vitro* cell isolation and culture, primary polyp-derived epithelial cells (PECs) were randomly collected from 4 CRSwNP patients via enzymatic digestion as described elsewhere.[@B14] The collected PECs were cultured as submersion cultures in BEGM medium (Lonza, Walkersville, MD, USA) until passaging. At 80%-90% confluency, the cells were stimulated with recombinant human IL-6 (10 ng/mL; R&D Systems, Minneapolis, MN,USA) for different periods. To screen gene expression levels, genome-wide gene expression analysis was performed on the IL-6-stimulated PECs (10 ng/mL for 24 hours) using the Human 12×135 K Gene Expression Array (Catalog No. 05543789001, Roche NimbleGen, Inc., Madison, WI, USA) according to the manufacturer\'s protocol. To evaluate the effect of macrolide on IL-6-induced FoxA2 and MUC5AC expression, PECs were incubated in CAM (10 ng/mL; Sigma-Aldrich, St. Louis, MO, USA) for 12 or 24 hours in the presence of IL-6 (10 ng/mL). Then, cell pellets were collected for qRT-PCR or Western blot.

NCI-H292 cells (purchased from ATCC, MD, USA) were seeded in a 24-well plate and cultured in 2 mL of RPMI 1640 medium containing 10% FBS. The human *FoxA2* expression plasmid (pGL-*FoxA2*) and the MUC5AC promoter-firefly luciferase reporter constructs were provided by Land Biotech (Guangzhou, China). All constructs were further confirmed by DNA sequencing. The transfection of NCI-H292 cells with the MUC5AC promoter-luciferase constructs, pGL-*FoxA2* or *FoxA2* siRNA (50 nmol/L) (Shanghai GenePharma Co., Ltd., Shanghai, China) or other control constructs was conducted using a Lipofectamine 2000-based gene transfer method (Invitrogen) according to the manufacturer\'s specifications. The cells were collected for further use after IL-6 treatment for 12 or 24 hours. For the luciferase activity assay, the cells were lysed in luciferase lysis buffer (25 mM Tris-phosphate (pH 7.8), 8 mM MgCl2, 1 mM DTT, 1% Triton X-100, and 15% glycerol), and a dual luciferase reporter assay kit (Promega, Madison, WI, USA) was used to analyze the firefly luciferase activity of the MUC5AC promoter and the Renilla luciferase activity of the internal control. For each transfection, the relative firefly luciferase activity level was normalized to the Renilla luciferase activity level.

Western blot analysis
---------------------

Western blotting was performed as reported elsewhere.[@B14] Briefly, total protein was extracted from the isolated cells in 100 µL of RIPA lysis buffer. The protein concentration in the supernatants was determined using the BCA method. Samples containing 20 µg of protein were boiled and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 8% Tris-glycine gels and electrophoretically transferred to a polyvinylidene fluoride membrane, which was incubated in 5% fat-free skim milk in Tris-buffered solution (TBS) containing 0.05% Tween-20 (1 hour at room temperature) and then incubated in mouse anti-human FoxA2 (Millipore) and GAPDH monoclonal antibodies (Santa Cruz Biotech) diluted 1:2,000 (overnight at 4℃). The membrane was washed and incubated in goat anti-mouse IRDye 800 and goat anti-rabbit Alexa Fluor 680 antibodies (Invitrogen) for 1 hour. Then, the membrane was washed 3 times with TBS-Tween and visualized using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). The membrane was scanned at 700 and 800 nm, and the results were analyzed using the Odyssey® software, v1.2.

Statistical analysis
--------------------

The tissue data are expressed as the medians and interquartile ranges except for the additional note. These data were analyzed via the Kruskal-Wallis *H*-test and the nonparametric Mann-Whitney *U* test. For the *in vitro* experiments, the data were analyzed via one-way ANOVA and Student\'s *t* test. The correlation between different gene and protein expression levels in CRS patients was assessed using the Spearman rank correlation test. A *P* value of less than 0.05 was considered significant.

RESULTS
=======

Immunoreactivity of MUC5AC, MUC5B, and FoxA2 in inflamed nasal tissues
----------------------------------------------------------------------

PAS staining indicated that mucin was extensively expressed in both the epithelium and gland cells in the human nasal mucosa in all analyzed cases. The cellular positivity of mucin was significantly higher in the epithelial and glandular mucous cells in both the CRSsNP and CRSwNP patients than in the normal controls (*P*\<0.05, [Fig. 1A](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). In agreement with the PAS staining results, MUC5AC and MUC5B were detected in all analyzed cases. MUC5AC was highly expressed in the epithelial mucous cells and mildly expressed in the glandular mucous cells, whereas MUC5B was moderately expressed in the epithelial mucous cells and highly expressed in the glandular mucous cells. The cellular positivity of MUC5AC- and MUC5B-secreted cells significantly increased in both the CRSsNP and CRSwNP patients compared to the normal controls (*P*\<0.05; [Fig. 1B and C](#F1){ref-type="fig"}, and [Table 2](#T2){ref-type="table"}). No significant difference in MUC5AC or MUC5B immunoreactivity was observed between the CRSsNP and CRSwNP patients. FoxA2 was expressed by the epithelial and glandular mucous cells in the normal controls and localized to the cytoplasm and the nuclei of these cells. FoxA2 protein staining in the epithelial and glandular mucous cells significantly decreased in both the CRSwNP and CRSsNP patients compared to the normal controls (*P*\<0.05, [Fig 1D](#F1){ref-type="fig"} and [Table 2](#T2){ref-type="table"}). No significant difference in FoxA2 immunoreactivity was observed between the CRSsNP and CRSwNP patients.

FoxA2, MUC5AC, and MUC5B expression in inflamed nasal tissues
-------------------------------------------------------------

As indicated by qRT-PCR analysis, the mRNA expression of FoxA2, MUC5AC, and MUC5B was detected in all analyzed cases. The relative mRNA levels of MUC5AC and MUC5B significantly increased in the CRSsNP and CRSwNP patients compared to the normal controls (*P*\<0.05). Conversely, the relative FoxA2 mRNA level significantly decreased in the CRSsNP and CRSwNP patients compared to the normal controls (*P*\<0.05, [Fig. 2A-C](#F2){ref-type="fig"}). No difference in the FoxA2, MUC5AC or MUC5B mRNA levels was observed between the CRSsNP and CRSwNP patients. Consistently, the relative MUC5AC and MUC5B protein levels significantly increased in the CRSsNP and CRSwNP patients compared to the normal controls (*P*\<0.05, [Fig. 2D and E](#F2){ref-type="fig"}), whereas the relative FoxA2 protein level significantly decreased in the CRSsNP and CRSwNP patients compared to the normal controls (*P*\<0.05, [Fig. 2F and G](#F2){ref-type="fig"}). The expression level of FoxA2 significantly correlated with the expression levels of MUC5AC and MUC5B in CRS patients (r=-0.56, *P*\<0.05, and r=-0.40, *P*\<0.05, respectively).

Cytokine levels in nasal secretions
-----------------------------------

The levels of IFN-γ, IL-4, IL-5, IL-6, and IL-17A in nasal secretions were significantly higher in both the CRSsNP and CRSwNP patients than in the normal controls (*P*\<0.05, [Fig. 3A-E](#F3){ref-type="fig"}). However, whereas the level of IFN-γ in the nasal secretions was significantly higher in the CRSsNP patients than in the CRSwNP patients (*P*\<0.05, [Fig. 3A](#F3){ref-type="fig"}), the levels of IL-4 and IL-5 in the nasal secretions were significantly lower in the CRSsNP patients than in the CRSwNP patients (*P*\<0.05, [Fig. 3B and C](#F3){ref-type="fig"}). No difference in the level of IL-6 or IL-17A was observed between the CRSsNP and CRSwNP patients ([Fig. 3D and E](#F3){ref-type="fig"}). Based on Spearman rank correlation analysis, a significant correlation was observed between the relative FoxA2 expression level and the IL-6 concentration in the CRSsNP and CRSwNP patients (r=-0.46, *P*\<0.01, [Fig. 3F](#F3){ref-type="fig"}). However, no correlation was detected between the levels of the other 2 cytokines and the FoxA2 protein expression level in the CRS patients.

FoxA2 negatively regulated MUC5AC expression *in vitro*
-------------------------------------------------------

Next, we evaluated the regulatory effect of FoxA2 on MUC5AC production via *in vitro* stimulation. DNA microarray analysis of NCI-H292 cells revealed a series of up-regulated and down-regulated genes in NCI-H292 cells after stimulation with IL-6 (10 ng/mL) for 12 hours. Of these genes, *FoxA2* was found to be significantly down-regulated (-2.45-fold, *P*\<0.05, [Fig. 4A](#F4){ref-type="fig"}). Consistently, FoxA2 mRNA expression was significantly and dose-dependently reduced in the cells stimulated with IL-6 for 12 hours compared to the unstimulated cells (*P*\<0.05, [Fig. 4C](#F4){ref-type="fig"}). FoxA2 protein expression was also significantly reduced in the cells stimulated with IL-6 for 24 hours (*P*\<0.05, [Fig. 4D](#F4){ref-type="fig"}). In contrast, the MUC5AC mRNA level was significantly and dose-dependently up-regulated after IL-6 stimulation (*P*\<0.05, [Fig. 4B](#F4){ref-type="fig"}). After transfection of the IL-6-stimulated NCI-H292 cells with pGL-FoxA2, the FoxA2 protein level was significantly increased compared to the control cells (*P*\<0.05, [Fig. 4E](#F4){ref-type="fig"}), and MUC5AC promoter activity, as suggested by the luciferase activity assay, was significantly inhibited (*P*\<0.05, [Fig. 4F](#F4){ref-type="fig"}). Moreover, the MUC5AC mRNA level was significantly down-regulated in the presence of the *FoxA2* expression plasmid and was significantly upregulated in the presence of *FoxA2* siRNA compared to the control treatment (*P*\<0.05, [Fig. 4G and H](#F4){ref-type="fig"}).

CAM modulated FoxA2 expression and mucin production *in vivo*
-------------------------------------------------------------

In the next experiment, we examined the mRNA and protein levels of FoxA2 in polyp tissues from 9 CRSwNP patients before and after the oral administration of CAM (250 mg, twice daily) for 2 consecutive weeks. Consequently, we found that the individual nasal symptom scores (rhinorrhea and nasal congestion) were significantly decreased after the oral administration of CAM (*P*\<0.01, [Fig. 5A and B](#F5){ref-type="fig"}). FoxA2 immunoreactivity and mRNA expression in these polyp tissues were significantly increased after oral administration of CAM (*P*\<0.01, [Fig. 5C and D](#F5){ref-type="fig"}). Accordingly, CAM (10 ng/mL) significantly attenuated IL-6-induced FoxA2 mRNA and protein suppression in cultured PECs in a dose-dependent manner (*P*\<0.05, [Fig. 5E-G](#F5){ref-type="fig"}), whereas the MUC5AC mRNA level was significantly reduced in response to CAM administration (*P*\<0.05, data not shown).

DISCUSSION
==========

This study demonstrated aberrant FoxA2 and mucin expression in inflamed nasal tissue from CRS patients, which was differentially modulated by proinflammatory cytokines and anti-inflammatory macrolides. The results of this study support an important role of FoxA2 in the negative regulation of mucin production in CRSsNP and CRSwNP patients, which expands our understanding of the pathophysiology of CRS.

The winged helix factor FoxA2 is an essential member of the transcription factor network that represents a common signaling node for multiple goblet cell differentiation signaling pathways, and FoxA2 is a known to suppress mucus hypersecretion.[@B16] Yu et al.[@B17] have demonstrated that *FoxA2* significantly inhibits the activity of a MUC5AC-luciferase construct in a dose-dependent manner in 16HBE cells. Wan et al.[@B6] have reported that the conditional deletion of FoxA2 in mouse airway epithelial cells leads to a large increase in the number of goblet cells and that the nuclear expression of the FoxA2 protein is reduced in the goblet cells of IL-13-overexpressing mice. In transgenic mice that overexpress IL-1β, decreased expression of FoxA2 is associated with increased numbers of MUC5AC-positive goblet cells.[@B18][@B19] Therefore, FoxA2 plays an important role in protecting airway epithelial cells against excessive mucin production, and the regulation of FoxA2 may be considered a key factor in the induction of mucus hyperserection.[@B20][@B21] Although many studies have reported decreased FoxA2 expression in the airway epithelium, this is the first report to investigate FoxA2 expression in inflamed nasal tissues of CRS patients. Using IHC staining, qRT-PCR, and Western blot, we detected decreased mRNA and protein levels of FoxA2 in the CRSsNP and CRSwNP patients compared to the normal controls. Whereas the FoxA2 mRNA and protein levels were significantly down-regulated, the MUC5AC and MUC5B mRNA levels were significantly up-regulated in the nasal tissues of both CRSsNP and CRSwNP patients. The level of FoxA2 significantly correlated with the expression levels of MUC5AC and MUC5B in these CRS patients. Our results strongly suggest that the down-regulation of FoxA2 in CRS patients contributes to the associated increase in the MUC5AC and MUC5B levels. Thus, FoxA2 and its upstream signaling pathway may serve as an important regulator of the inflammatory and repair processes that are associated with nasal mucin hypersecretion.

Recent studies have shown that both IL-13 and EGFR signaling are necessary for mucus production and that these signaling pathways differentially regulate various mucus-producing cell types.[@B22] In our study, increased levels of IFN-γ, IL-4, IL-5, IL-6, and IL-17A, but not IL-13 (data not shown), were observed in the nasal secretions of CRS patients compared to those of normal controls. Based on the significant differences in the IFN-γ and IL-4 levels between the CRSsNP and CRSwNP patients, it is likely that Th1-related cytokine IFN-γ and Th2-related cytokine IL-4 did not strongly regulate MUC5AC or MUC5B expression in these CRS patients. However, we observed an increased level of IL-6 in both CRS subpopulations (no difference between the CRSsNP and CRSwNP patients) and found the IL-6 level was negatively associated with FoxA2 production, suggesting that the IL-6 signaling pathway might play a more important role than other cytokine-mediated pathways in FoxA2 suppression and mucin production in these CRS patients. Previously, IL-6 has been demonstrated to regulate FoxA2 expression and mucin production in epithelial cells. For example, Chen et al.[@B6] have reported that IL-17A stimulates airway mucin gene expression via an IL-6-mediated paracrine/autocrine feedback loop, suggesting that IL-6 is critical for mucus hypersecretion in respiratory disease. Verschuur et al.[@B23] have found that FoxA2 site that is located immediately upstream of previously identified IL-6-responsive sequences. Currently, accumulating evidence indicates that the IL-6 signaling pathway plays a crucial role in the development and persistence of CRS.[@B9][@B10][@B11][@B12][@B13][@B24] To evaluate whether IL-6 promotes FoxA2 suppression and mucin upregulation, we further examined the effects of IL-6 on FoxA2 and MUC5AC expression *in vitro*. As expected, IL-6 was found to significantly inhibit FoxA2 mRNA expression in a dose-dependent manner *in vitro*, whereas the MUC5AC mRNA expression level was increased after IL-6 stimulation. Moreover, using a luciferase activity assay, we found that FoxA2 regulates MUC5AC promoter activity. After transfection of NCI-H292 cells with pGL-*FoxA2*, the FoxA2 mRNA and protein expression levels were significantly increased compared to the control treatment. Consistently, pGL-*FoxA2* and FoxA2 siRNA differentially regulated IL-6-stimulated MUC5AC up-regulation *in vitro*. These findings indicate that FoxA2 plays a critical role in modulating IL-6-induced mucin hypersecretion.

Recently, macrolide therapy has been suggested as an alternative treatment for CRS and other respiratory diseases.[@B25] A growing body of evidence suggests that several macrolides, including azithromycin and CAM, are effective for the modulation of mucus synthesis and secretion.[@B26] Molecular mechanisms underlying the effects of macrolide administration are not completely understood. It has been proposed that the therapeutic effects of macrolides are due to anti-inflammatory rather than anti-microbial activities and involve interactions with phospholipids and Erk1/2, which lead to the modulation of the transcription factors AP-1 and NFκB, inflammatory cytokines, and mucin release,[@B27][@B28][@B29][@B30] although the mode of action of macrolides is likely complex. In our study, we provided evidence that CAM administration increases FoxA2 production and inhibits MUC5AC expression in CRS patients. These results are of significant interest because, to our knowledge, this is the first study to demonstrate that the alteration of FoxA2 expression after IL-6 stimulation was strongly associated with mucin overproduction in CRS patients. Because it has been shown that intranasal steroids decrease eosinophils but not mucin expression in nasal polyps[@B31] and because IL-13-induced MUC5AC production and goblet cell differentiation is steroid-resistant in human airway cells,[@B32] our findings might be beneficial for designing alternative treatment strategies for mucin hypersecretion in CRS patients.

In conclusion, we have shown that the IL-6 signaling pathway is involved in the suppression of FoxA2 expression, which subsequently promotes excessive mucin production in CRSsNP and CRSwNP patients. Our findings imply that targeting FoxA2 may serve as a selective therapeutic strategy for the treatment of mucin hypersecretion in both CRSsNP and CRSwNP patients.
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![Immunoreactivity of MUC5AC, MUC5B, and FoxA2 in the nasal tissues from the CRSsNP and CRSwNP patients and the normal controls. PAS staining shows that mucin is highly expressed in the epithelial and glandular mucous cells of CRS patients (A); IHC staining shows that MUC5AC is highly expressed in the epithelial mucous cells and mildly expressed in the glandular mucous cells (B) and that MUC5B is moderately expressed in the epithelial mucous cells and highly expressed in the glandular mucous cells (C). Both MUC5AC and MUC5B are mildly expressed in the normal controls. FoxA2 is highly expressed in the epithelial and glandular mucous cells of the normal controls and mildly detected in the cytoplasm and the nuclei of these cell types (D) (magnification, 200×).](aair-7-458-g001){#F1}

![The mRNA and protein levels of MUC5AC, MUC5B, and FoxA2 in the nasal tissues from the CRSsNP and CRSwNP patients and the normal controls. The relative mRNA levels of MUC5AC (A) and MUC5B (B) increase in the CRSsNP and CRSwNP patients compared to the normal controls. The relative FoxA2 mRNA level decreases in the CRSsNP and CRSwNP patients compared to the normal controls (C). The protein levels of MUC5AC (D) and MUC5B (E) significantly increase in the CRSsNP and CRSwNP patients compared to the normal controls. A representative Western blot of FoxA2 in the CRSsNP and CRSwNP patients and the normal controls is shown (F). The relative FoxA2 protein level significantly decreases in the CRSsNP and CRSwNP patients compared to the normal controls (G). ^\*^*P*\<0.05.](aair-7-458-g002){#F2}

![The levels of IFN-γ, IL-4, IL-5, IL-6, and IL-17A in the nasal secretions of the CRSsNP and CRSwNP patients and the normal controls. The levels of IFN-γ (A), IL-4 (B), IL-5(C), IL-6 (D), and IL-17A (E) in the nasal secretions are significantly higher in both the CRSsNP and CRSwNP patients than in the normal controls. The relative FoxA2 protein level in the inflamed nasal tissues is negatively associated with the levels of IL-6 in the nasal secretions of the CRSsNP and CRSwNP patients. ^\*^*P*\<0.05; ^\*\*^*P*\<0.01.](aair-7-458-g003){#F3}

![FoxA2 negatively regulates IL-6-induced MUC5AC production in NCI-H292 cells. DNA microarray analysis of NCI-H292 cells in response to IL-6 (10 ng/mL) stimulation. A heatmap of the genes that were up-regulated or down-regulated in the IL-6-induced NCI-H292 cells is shown (A). IL-6 (0-20 ng/mL)-induced MUC5AC mRNA expression in a dose-dependent manner (B). IL-6 (0-20 ng/mL) inhibits FoxA2 mRNA and protein expression in a dose-dependent manner (C, D). Representative Western blot for FoxA2 in NCI-H292 cells after transfection with the FoxA2 expression plasmid (E). Transfection with the FoxA2 expression plasmid significantly inhibits MUC5AC promoter activity in the presence of IL-6, as suggested by a luciferase activity assay (F). Transfection with the FoxA2 expression plasmid significantly inhibits IL-6-induced MUC5AC production (G). Transfection with FoxA2 siRNA significantly increases IL-6-induced MUC5AC production (H). The data are expressed as the means (SEM) of the 3 independent experiments. ^\*^*P*\<0.05.](aair-7-458-g004){#F4}

![CAM promotes FoxA2 expression in CRSwNP patients *in vivo* and *in vitro*. Individual nasal symptom scores (rhinorrhea and nasal congestion) before and after oral administration of CAM (250 mg, twice daily) for 2 weeks (A, B). Representative immunoreactivity of FoxA2 and MUC5AC in polyp tissues before and after oral administration of CAM for 2 weeks (C). FoxA2 mRNA expression in polyp tissues before and after oral administration of CAM for 2 weeks (D). CAM (10 ng/mL) significantly attenuates the IL-6-induced suppression of FoxA2 mRNA and protein expression in PECs (E-G). The *in vitro* data are expressed as the means (SEM) of the 3 independent experiments. ^\*^*P*\<0.05; ^\*\*^*P*\<0.01.](aair-7-458-g005){#F5}

###### Clinical characteristics of the CRS patients and the normal control subjects

![](aair-7-458-i001)

                                  Control      CRSsNP       CRSwNP
  ------------------------------- ------------ ------------ ------------
  Subject no.                     10           15           15
  Age (year; mean (range))        26 (20-31)   34 (25-51)   37 (22-45)
  Gender                          6 M/4 F      10 M/5 F     7 M/8 F
  Duration (year; mean (range))   0            5 (2-9)      7 (3-11)
  Atopy                           0            5            0
  History of asthma               0            0            0
  Aspirin intolerance             0            0            0

CRS, chronic rhibosinusitis; CRSsNP, chronic rhibosinusitis without nasal polyps; CRSwNP, chronic rhibosinusitis with nasal polyps; M, male; F, Female.

###### Immunoreactivity of MUC5AC, MUC5B and FoxA2 in the nasal mucosa of the CRS\# patients and the normal control subjects

![](aair-7-458-i002)

  Item                      Control             CRSsNP                 CRSwNP
  ------------------------- ------------------- ---------------------- ----------------------
  PAS staining (%)                                                     
   Epithelium               11.2 (1.9, 21.8)    58.5 (22.5, 81.4)^†^   49.5 (19.8, 67.2)^†^
   Gland                    24.5 (6.4, 33.1)    62.4 (31.7, 88.5)^†^   55.1 (18.9, 79.3)^†^
  FoxA2 IHC staining (%)                                               
   Epithelium               32.5 (10.4, 58.5)   5.1 (2.7, 31.1)^†^     6.8 (2.1, 56.2)^†^
   Gland                    39.1 (11.5, 64.4)   9.5 (2.4, 22.7)^\*^    11.7 (2.9, 44.9)^\*^
  MUC5AC IHC staining (%)                                              
   Epithelium               5.7 (1.1, 23.5)     66.4 (19.6, 88.1)^†^   49.5 (19.8, 67.2)^†^
   Gland                    4.9 (1.2, 16.1)     17.6 (3.9, 41.2)^\*^   19.4 (4.2, 49.9)^\*^
  MUC5B IHC staining (%)                                               
   Epithelium               4.2 (0.7, 18.9)     26.2 (6.7, 42.3)^\*^   29.8 (9.1, 51.7)^\*^
   Gland                    3.6 (0.8, 19.2)     39.6 (16.9, 63.2)^†^   48.1 (15.5, 81.8)^†^

The results are expressed as the medians and 25-75th percentiles.

^\*^*P*\<0.05 compared with the normal controls; ^†^*P*\<0.01 compared with the normal controls.

CRS, chronic rhibosinusitis; CRSsNP, chronic rhibosinusitis without nasal polyps; CRSwNP, chronic rhibosinusitis with nasal polyps.

[^1]: Qing Luo, Jia Zhang, and Hongtian Wang contributed equally on this study.
